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ABSTRACT 

Positron  lifetime  technique  and  photoluminescence  (PL)  were  employed  to  study  the  vacancy 
type  defects  in  p-type  Zn-doped  and  undoped  GaSb  samples.  In  the  positron  lifetime  study,  Ga 
vacancy  related  defect  was  identified  in  these  materials  and  it  was  found  to  anneal  out  at 
temperature  of  about  350"C.  For  the  PL  measurement  on  the  as-grown  undoped  sample 
performed  at  lOK,  a transition  peak  having  a photon  energy  of  about  777meV  was  observed. 
This  transition  peak  was  observed  to  disappear  after  a 400°C  annealing.  Our  results  is  consistent 
with  the  general  belief  that  the  777meV  transition  is  related  to  the  VcaGasb  defect,  which  is  the 
proposed  residual  acceptor  of  GaSb. 


INTRODUCTION 

Gallium  Antimonide  is  a III-V  semiconductor  having  a narrow  band  gap,  a small 
effective  electron  mass  and  a high  electron  mobility.  It  is  the  basic  material  for  a variety  of 
lattice-matched  materials  having  band  gap  ranging  from  0.8  to  4.3|xm.  It  is  the  potential  material 
for  fabricating  optoelectronic,  photovoltalic  and  high  frequency  devices.  Undoped  GaSb  is  p- 
type  and  has  a hole  concentration  of  10“’-10'^cm’^  [1,2].  The  residual  acceptor  was  known  to  be 
doubly  ionized  [3]  and  related  to  a deficiency  of  Sb  or  an  excess  of  Ga  [4-6].  Annealing  the 
undoped  GaSb  for  several  hours  converted  its  p-type  conducting  nature  to  n-type.  It  was 
explained  by  the  creation  of  Vsb  upon  the  annealing,  for  which  Vsb  was  a donor  compensating 
the  residual  acceptor.  However,  if  the  sample  was  annealed  for  several  tens  of  hours,  it  would 
convert  back  to  p-type  with  an  even  larger  hole  concentration  as  compared  to  the  original  as- 
grown  value  [7].  The  residual  acceptor  has  long  time  been  attributed  to  the  VcaGasb  defect  [7-9]. 
The  increase  of  hole  concentration  upon  prolonged  annealing  can  be  understood  by  the  formation 
of  VoaGasb  resulting  from  the  reaction  between  the  Vsb  defect  and  its  neighboring  Ga  atom.  The 
VoaGasb  defect  was  also  related  to  a luminescence  signal  called  band  A (located  at  about 
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777meV)  which  was  commonly  found  in  the  phoiolumincsccnce  and  cathodoluminecense 
spectra  of  a variety  of  GaSb  materials  [7,10-15].  However,  these  correlations  between  the 
residual  acceptor,  the  VcaGasb  and  the  777meV  lumine.scencc  signal  have  not  yet  been  directly 
confirmed  by  experimental  observation. 

Positron  lifetime  technique  is  a non-destructive  defect  probe  which  is  .selectively 
sensitive  towards  open  volume  defects  [16,  17].  Positrons  implanted  into  a solid  will  be  rapidly 
thermalized  and  then  undergo  diffusion.  An  open  volume  defect  in  the  lattice  which  pre.sents  as 
a potential  well,  may  thus  trap  the  diffusing  positrons.  The  trapping  proce.ss  is  indeed  a positron 
state  transition  from  the  delocalized  Bloch  state  to  the  localized  defect  state.  As  positrons 
annihilating  at  different  states  have  different  characteristic  lifetime  values,  defect  can  thus  be 
identified  by  its  own  characteristic  lifetime  after  decomposing  the  positron  lifetime  spectrum. 
Defect  information  such  as  the  concentration,  the  micro.structure,  the  charge  state  and  the 
ionization  energy  are  possibly  determined  with  the  use  of  positron  lifetime  technique  [16,17], 

In  this  study,  we  have  performed  annealing  studies  on  the  undoped  and  the  Zn-doped 
GaSb  samples  with  the  use  of  the  positron  lifetime  and  the  PL  techniques  with  an  aim  to 
investigate  the  correlation  between  the  777mcV  luminescence  peak  and  the  Ga  vacancy  positron 
lifetime  signal. 


EXPERIMENTAL 

8mmx8mm  samples  were  cut  from  the  LEG  grown  GaSb  wafers  purchased  from  the 
MCP  Wafer  Technology  Ltd..  LF.K.  The  thickness  of  the  samples  is  0.5mm.  Two  undoped 
.samples  [GaSb042Un  and  GaSb342Un]  cut  from  two  different  ingots  and  one  Zn-doped  sample 
[GaSb098Zn]  were  investigated  in  the  pre.sent  study.  The  hole  concentrations  of  the  samples 
obtained  by  Hall  Measurement  pcrfoniicd  at  room  temperature  were  : 

p[GaSb042Un]=2.5xl0”cm-\  p[GaSb342Un]=2.0xl0'’cm’’  and  p[GaSb098Zn]=3.3xl0"*cml 
The  samples  were  degreased  with  acetone  and  ethanol,  and  then  rinsed  by  deionized  water. 
Isochronal  annealing  was  performed  in  a nitrogen-hydrogen  (80%-20%)  forming  gas 
atmosphere.  After  the  30  minute  annealing,  the  samples  were  retreated  out  of  the  furnace’s  hot 
region  but  still  kept  in  the  forming  gas  atmo.spherc  before  they  were  cooled  down. 

The  positron  .source  used  was  30|iCi  ^‘NaCI  radioactive  source  encapsulated  with  kapton 
foil.  The  positron  .source  was  then  .sandwiched  by  the  pair  of  the  samples  being  measured.  The 
po.sitron  lifetime  spectrometer  u.sed  in  the  pre.sent  .study  has  a resolution  of  fwhm=235ps.  The 
positron  lifetime  measurements  were  carried  out  at  the  room  temperature  and  in  darkness.  Each 
of  the  lifetime  .spectra  contained  4 million  counts. 

In  the  PL  measurements,  the  .samples  were  excited  by  the  512  nm  line  of  an  argon  la.ser, 
with  typical  power  of  500  mW,  and  the  excitation  light  was  modulated  at  20  Hz  using  a 
mechanical  chopper.  The  emitted  light  was  collected  and  separated  by  a 0.25  m focal  length 
double  monochromator,  with  slit  width  of  0.4  mm  for  both  input  and  output  slit,  and  a 800  nm 
long-pass  filter  was  used  to  avoid  any  second-order  light  reaching  the  detector.  A liquid  nitrogen 
cooled  InSb  IR-detector  converted  the  emitted  light  into  electric  signal,  which  was  detected  using 
a lock-in  amplifier  and  was  recorded  with  a microcomputer.  All  measurements  were  done  at 
lOK,  with  the  samples  mounted  in  an  Oxford  Instrument  clo.sed-cycle  He  cryo.stat. 
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RESULTS  AND  ANALYSIS 


Results  of  positron  lifetime  measurements 

Room  temperature  positron  lifetime  measurements  were  performed  on  the  samples 
annealed  at  different  temperatures  up  to  580"C.  The  lifetime  spectrum  is  the  linear  combination 
of  the  exponential  terms  contributed  from  the  corresponding  annihilating  sites  [16,17],  i.e. 

5(0  = X/,exp(-t/r,)  (1) 

i 

where  t,  and  /,■  are  respectively  the  characteristic  lifetime  and  the  intensity  of  the  i-th  positron 
trapping  defect.  The  average  lifetime  of  the  positron  lifetime  spectrum  is  given  by  [16,17]  : 

= lS(t)tdt/l  S(t)dt  (2) 

The  average  positron  lifetime  of  each  of  the  positron  lifetime  spectrum  annealed  at 
different  temperatures  were  calculated  with  the  results  shown  in  figure  1 . For  the  as-grown  Zn- 
doped  sample,  the  average  lifetime  tme  was  found  to  be  274ps.  The  average  lifetime  did  not 
vary  up  to  an  annealing  temperature  of  300-400‘'C,  at  which  it  decreased  to  values  of  about 
272ps.  Afterthen,  the  average  lifetime  further  decreased  to  about  266ps  at  an  annealing 
temperature  of  580°C.  Ling  et  al  [18]  have  analyzed  the  positron  lifetime  spectra  of  this  Zn- 
doped  sample  and  gave  the  following  conclusion.  The  bulk  lifetime  of  the  GaSb  was  found  to  be 

267±lps.  A two  lifetime  component  fit  was 
found  to  give  good  representation  to  the  spectra 
of  the  Zn-doped  sample  at  all  the  annealing 
temperatures.  At  annealing  temperatures  lower 
than  300°C,  the  characteristic  lifetime  of  the 
long  lifetime  component  is  constant  at  about 
316±8ps  and  its  intensity  is  also  roughly 
constant  between  50-60%.  This  316ps 
component  was  attributed  to  positron 
annihilating  at  Voa  related  defect.  At  annealing 
temperatures  ranging  between  300“  to  400°C, 
the  characteristic  lifetime  of  the  defect 
component  was  found  to  increase  to  368ps  and 
the  defect  component  intensity  decreased  to 
about  15%.  This  increase  of  lifetime  value  and 
decrease  of  intensity  were  attributed  to  the 
anneal  out  of  the  original  Vca-related  and  the 
formation  of  a new  defect  D having  a lifetime  of 
368ps.  This  new  defect  D was  found  to  anneal 
out  at  580"C  where  the  defect  component 
intensity  decreased  to  effectively  zero. 
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Figure  1 Positron  average  lifetime  as  a 
function  of  the  annealing  temperature  for  the 
three  GaSh  samples.  The  lines  joining  the  data 
points  are  only  for  visual  guidance. 
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For  the  case  of  the  two  undoped  samples,  their  annealing  behaviors  are  very  similar.  The 
two  undoped  samples  have  average  lifetime  values  higher  than  the  bulk.  This  implies  that  there 
are  positron  trapping  centres  in  the  .samples.  Unlike  the  Zn-doped  sample  which  has  two 
annealing  stages  (namely  at  300-400"C  and  580“C),  there  is  only  one  annealing  stage  at  350°C 
for  the  undoped  samples.  As  the  3,‘)0"C  annealing  .stage  in  the  Zn-doped  sample  was  related  to 
the  annealing  out  of  the  Voa-related  defect,  it  is  plausible  to  assign  the  3.50"C  annealing  observed 
in  the  undoped  GaSb  sample  to  the  same  process.  As  compared  to  the  Zn-doped  sample  having 
an  average  lifetime  equal  to  272ps  after  the  350“C  annealing,  the  average  lifetime  of  the  undoped 
samples  reaches  value  of  about  266ps,  which  is  the  bulk  lifetime  of  GaSb  and  thus  implies  no 

positron  trapping  centre  exists  in  the 
undoped  samples  after  the  350"C 
annealing.  This  indicates  the 
formation  of  the  defect  D upon  the 
annealing  out  of  the  Vc, -related  defect 
in  the  Zn-doped  sample  possibly 
involves  the  reaction  between  the  Voa- 
relatcd  defect  and  the  Zn  dopant. 

As  for  the  undoped  samples  in 
which  the  defect  Vg,,  being  annealed 
out  with  no  formation  of  new  defect, 
the  simple  trapping  model  can  be  used 
to  describe  the  positron  trapping 
annihilation  in  the  sample  sy.steni.  The 
positron  trapping  rate  k into  the  Ga 
vacancy  is  given  by  the  equation  [17]: 
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Figure  2 (a)  The  concentrations  of  the  Ga  vacancy 
related  defect  for  the  two  undoped  samples  as  a 
function  of  the  annealing  temperature,  (h)  The  PL 
intensities  of  the  two  PL  peaks  (777meV  and 
799meV  respectively)  found  in  the  undoped  sample 
GaSh042Un  as  a function  of  the  annealing 
temperature. 


where  r;,=266ps  is  the  bulk  lifetime  of 
GaSb,  ro=317ps  is  the  characteristic 
lifetime  of  Vaa  [18],  p=2xl()'''s'  is  the 
specific  trapping  coefficient  of  Va„ 
[18]  and  c is  the  Vc,,  concentration. 
The  concentrations  of  the  Ga  vacancy 
for  the  two  undoped  samples  at 
different  annealing  temperatures  were 
calculated  and  shown  in  figure  2(a). 
The  Ga  vacancy  concentrations  in  the 
two  as-grown  undoped  samples  were 
found  to  be  about  2xl0'’c«;'’  and 
then  dropped  to  nearly  zero  at  the 
annealing  temperature  of  about  3.50°C. 
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Results  of  PL  measurements 


Low  temperature  (lOK)  PL  measurements  have  been  performed  on  the  GaSb042Un 
undoped  samples  annealed  at  different  temperatures.  Two  typical  PL  spectra,  namely  those  of 
the  as-grown  and  the  400“C  annealed  samples,  are  shown  in  figure  3.  For  both  of  the  spectra, 
the  dominant  luminescence  signals  are  the  peak  located  at  about  777meV.  Another  two  emission 
signals  were  also  identified  at  positions  of  about  760meV  (the  low  energy  shoulder  of  the 
777meV  dominant  emission)  and  SOOmeV.  The  intensities  of  all  the  peaks  were  found  to  reduce 
significantly  after  the  400"C  annealing.  The  PL  spectra  taken  at  different  annealing  temperatures 
were  fitted  with  the  model  consisting  of  three  Gaussians.  The  fitted  peak  positions  were  found  to 
be  annealing  temperature  independent  for  the  two  stronger  signals,  namely  at  777.36  ± 0.74meV 
and  798.76  ±1.70meV  respectively.  The  weak  signal  at  about  760meV  was  too  weak  to  obtain 
reliable  fitting  parameters. 
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Figure  3 PL  spectra  of  the  as- grown  and 
400" C annealed  GaSb042Un  undoped  GaSh 
samples.  The  measurements  were  performed 
at  T=10K. 

VcaGasb.  Furthermore,  as  shown  in  figure  2,  the 
reduce  at  the  annealing  temperature  of  300'’C, 
temperature  of  Voa  related  defect  obtained  from  the 


The  777meV  luminescence  signal 
was  found  in  most  of  the  GaSb  materials 
grown  by  various  methods.  It  was  related  to 
Sb  deficiency  and  was  attributed  to  donor 
or  conduction  band  to  VoaGasb  transition 
[7,9,11-13].  The  799meV  signal  observed 
in  the  present  study  is  close  to  the  previous 
observations  of  PL  signals  attributed  to 
exciton  bound  to  neutral  acceptor 
(VoaGasb)"  (792-805meV  [11-13]).  The 
intensities  of  the  777meV  and  799meV  PL 
signals  as  a function  of  the  annealing 
temperature  are  shown  in  figure  2(b).  From 
the  figure,  their  annealing  behaviors 
followed  the  identical  trend  and  thus  the  two 
transition  would  involve  an  identical  defect. 
This  further  supports  the  assignments  of  the 
777meV  and  the  799meV  signals  to 
transitions  involving  the  same  defect 
intensities  of  the  two  PL  peaks  significantly 
, which  is  coincident  with  the  annealing 
positron  lifetime  measurements. 


CONCLUSION 

Positron  lifetime  and  photoluminescence  measurements  were  employed  to  study  the  Ga 
vacancy  related  defects  in  Zn-doped  and  undoped  GaSb.  By  the  positron  lifetime  technique,  Ga 
vacancy  was  identified  in  both  the  Zn-doped  and  the  undoped  samples.  Two  luminescence 
signals,  namely  777meV  and  799meV,  were  identified  in  the  PL  measurement  and  were  related 
to  conduction  band  or  donor  to  VcaGasb  transition  and  exiton  bound  with  neutral  VoaGasb 
respectively.  The  two  PL  signals  and  also  the  positron  lifetime  Ga  vacancy  signal  disappeared 
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at  the  annealing  temperature  of  300°C.  This  observation  is  consistent  with  the  general  viewpoint 
that  the  777meV  and  the  799meV  PL  peaks  are  related  to  the  VcaGasb  defect. 


ACKNOWLEDGEMENT 

This  study  was  supported  financially  by  the  Research  Grant  Council,  HKSAR,  China  [project  no. 
HKU7134/99P]  and  the  Committee  of  Research  and  Conference  Grant,  The  University  of  Hong 
Kong,  China. 


REFERENCE:- 

[1]  A.G.  Milens  and  H.L.  Polyakov,  Solid-State  Electron.  36,  803  (1993). 

[2]  P.S.  Dutta  and  H.L.  Bhat,  J.  Appl.  Phys.  81,  5821  (1997). 

[3]  R.D.  Baxter,  R.T.  Bate  and  F.J.  Reid,  J.  Phys.  Chem.  Solids  26,  41  (1965). 

[4]  D.  Effer  and  P.J.  Effer,  J.  Phys.  Chem.  Solids  25,  45 1 ( 1 964). 

[5]  E.J.  Johnson  and  H.Y.  Fan,  in  Proceedings  of  the  6'''  International  Conference  on  Physics  of 
Semiconductors,  1962,  p.  375. 

[6]  M.D’Olne  Campos.  A.  Gouskov,  L.  Gouskov  and  J.C.  Pons,  J.  Appl.  Phys.  44,  2642  (1973). 

[7]  J.  Allegre  and  M.  Averous,  in  Defects  and  Radiation  Effects  in  Semiconductors  1978, 
Institute  of  Physics  Conference  Series  No.46  (lOP,  London,  1 979),  Chap.  5,  p.  379. 

[8]  M.H.  Van  Maaren,  J.  Phys.  Chem.  Solids.  27, 472  ( 1 966). 

[9]  Y.J.  Van  Der  Meulen,  J.  Phys.  Chem.  Solids  28,  25  (1967). 

[10]  C.  Benort  a la  Guillacume  and  P.  Lavallard,  Phys.  Rev.  B 5.  4900  (1972). 

[1 1]  W.  Jakowetz,  W.  Riihle,  K.  Breuninger  and  M.  Pilkuhn,  Phys.  Slat.  Solid!  A 12,  169  (1972). 

[12]  M.  Lee,  D.J.  Nicholas,  K.E.  Singer  and  B.  Hamilton,  J.  Appl.  Phys.  59,  2895  (1986), 

[13]  P.S.  Dutta,  K.S.R.  Koteswara  Rao,  H.L.  Bhat  and  V.  Kumar,  Appl.  Phys.  A 61,  149  (1995). 

[14]  A.  Bignazzi,  A.  Bosacchi,  R.  Magnanini,  J.  Appl.  Phys.  81,  7540  (1997). 

[15]  B.  Mendez,  P.S.  Dutta,  J.  Piqueras,  E.  Dieguez,  Appl.  Phys.  Lett.  67,  2648  (1995). 

[16]  R.  Krause-Rehberg  and  H.S.  Leipner,  Positron  Annihilation  in  Semiconductors,  Defect 
Studies,  Vol.  1 27  of  Springer  Series  in  Solid-State  Sciences  (Springer- Verlag,  Berlin,  1 999). 

[17]  P.  Hautojarvi  and  C.  Corbel,  in  Positron  Spectroscopy  of  Solids,  Proceedings  of  the 
International  School  of  Physics,  Enrico  Fermi,  edited  by  A.  Dupasquier  and  A.  P.  Mills,  Jr. 
(ISO  Press,  Amsterdam,  1995),  p.  491. 

[18]  C.C.  Ling,  S.  Fung  and  C.D.  Beling,  Phys.  Rev.  B 64,  075201  (2001). 


428 


